Background: The ability to track fish in the vicinity of dams and detect the presence of fish in fishways (also referred to as fish ladders) is critical to understanding the migration biology of upstream migrating fish and their passage success. Acoustic telemetry provides a valuable method within the telemetry toolbox, but has rarely been used in noisy, constrained, swift-flowing, and air-entrained environments such as fishways because of the perceived limitations of acoustic telemetry in such environments relative to other techniques such as radio telemetry. However, there have been no published studies that represent systematic evaluations of both detection efficiency based on number of transmitted signals and detection probabilities based on number of fish detected in fishways for acoustic telemetry. As such, the efficacy of acoustic telemetry in a fishway was evaluated using both controlled field experiments and movements of live fish at the Wanapum Dam fishway on the Columbia River in Washington State. In this study, the Juvenile Salmon Acoustic Telemetry System (JSATS) was selected because of its high carrier frequency (416.7 kHz) and short signal duration yielding good system resilience in shallow, noisy, and constrained environments.
Background
Acoustic telemetry was first applied to the study of fish behavior decades ago [1] , but recently, acoustic telemetry has become exceedingly popular and is playing an important role in fundamental and applied fish behavior research in both marine and freshwater systems [2] [3] [4] [5] [6] [7] [8] [9] [10] . In riverine systems with barriers, fishways (i.e., fish ladders) are often installed in an attempt to facilitate passage past the barrier and maintain longitudinal connectivity. Nonetheless, fish passage science is imperfect with not all fish successfully locating or ascending the fishway and those that do may experience sublethal alterations that influence fitness. For example, efficient upstream passage of adult salmonids through fishways at large hydroelectric dams may have implications for energy reserves available for spawning [11] [12] [13] . To know all of these, it may be important to be able to track the detailed movements of the fish from the moment they enter a dam till they leave it (regardless of successfully ascending the fishway or not). However, few studies [14] have been published on the application of acoustic telemetry in tracking fish within fishways or other confined spaces. Also, there have been no published studies that systematically evaluate both detection efficiency, based on the number of transmitted signals, and detection probabilities, based on the number of tagged fish detected, in fishways.
Many studies that involve detecting fish in confined spaces use passive integrated transponder (PIT tag) technology to detect fish at fixed points within juvenile bypass systems [15] [16] [17] [18] or in fishways [19] [20] [21] [22] [23] . Studies have been conducted using a PIT tag with another telemetric technology, such as radio telemetry [13] , by dual-tagging fish [15, 16, 19] or only using a PIT tag [17, 18, [20] [21] [22] [23] [24] . Although it has an advantage in terms of longevity of the tag relative to other technologies, PIT tags have short detection ranges that typically are less than 1 m in the tags' long axis, perpendicular to the antenna [24] . Hence, PIT tags have lower detectability compared to other telemetry technologies, such as acoustic and radio telemetry, when a wide coverage area is required. As a result of the low detectability, the sample size of fish tagged may need to be considerably larger when conducting survival studies of migrating fish to achieve the same precision in the survival estimation [16] . Also, it is challenging to install PIT antennas on many passage routes such as through turbines or spillbays. Further, while PIT tags may provide detection data within the confined spaces of fishways, they cannot be detected in dam tailraces or forebays, making them ineffective for studies of overall passage behavior of migratory fish encountering large hydroelectric dams.
Radio telemetry also has been used in fishways by many researchers. For example, Gowans et al. [25] investigated the migratory behavior of adult Atlantic salmon through fish ladders, and Johnson et al. [26] studied the effect of the water velocity at fishway openings on the migratory behavior of adult Pacific lampreys. While radio telemetry is an effective tool for studying fish in shallow freshwater environments, an antenna exterior to the tagged fish is often used to transmit the radio signal [1] . However, an external antenna could become entangled [27, 28] and possibly reduce the swimming performance of fish if the antenna is long [29] .
Acoustic telemetry has several advantages over radio telemetry and PIT technology. For example, it typically has long detection ranges, good performance in deep water, and capability of determining three-dimensional positions with high accuracy. Roscoe et al. [14] used an acoustic telemetry system in a fishway as a part of an evaluation of the upstream migration mortality of adult sockeye salmon. However, their study did not focus on evaluating the efficacy of acoustic telemetry in fishways and only reported detection probabilities of individual loggers based on number of fish detected compared to those known to have passed logger locations. This paper presents the first published study that evaluates the efficacy of acoustic telemetry in a fishway. The study was conducted at Wanapum Dam using the Juvenile Salmon Acoustic Telemetry System (JSATS), which was originally developed by the U.S. Army Corps of Engineers to evaluate the survival and behavior of migrating juvenile salmonids [30] [31] [32] . Since its introduction, it has been used extensively in the Columbia River Basin [16, 30] . In this study, the JSATS was selected in part because it has a relatively short signal duration (744 μs) compared to other acoustic telemetry systems. This decreases the likelihood of signal collision due to multipath signals from highly reflective structures such as fishway walls and the water surface. It was also selected because it has a high operating (carrier) frequency. Use of a higher carrier frequency is critical because background noise in environments close to dams is greater at lower frequency ranges [33] . Controlled field tests using JSATS tags as well as a field experiment using fish implanted with JSATS tags were conducted to measure both detection efficiency and detection probabilities. The objective of this study was to evaluate the detection capability of the JSATS technology in a confined space such as a fishway at a large dam. If this study is successful, the JSATS or other acoustic telemetry systems, with similar frequency and pulse duration, can allow researchers to better understand the behavior and survival of migrating fish in a confined space.
Methods

Location
Owned and operated by the Public Utility District Number 2 of Grant County, Wanapum Dam is located in southeast Washington State on the Columbia River, 669 river kilometers (rkm) from the mouth of the Columbia River (Fig. 1) . The dam is 2,633 m long and 56 m tall and consists of a 10-unit powerhouse, a 12-bay spillway, and two fish ladders. The powerhouse has a generating capacity of 1,092 MW. All 10 units are six-blade Kaplan turbines.
Acoustic tags
For this study, two types of JSATS acoustic tags were used. The tags (Advanced Telemetry Systems, tag model SS130; Isanti, MN, USA) used for the controlled field testing were 12.00 mm long, 5.21 mm wide, and 3.77 mm thick; the tags weighed 0.438 g in air. These tags had an average source level of 155 dB re 1 μPa at 1 m, a nominal pulse repetition period of 3.0 s, and a nominal tag life of 33 days. The tags (Advanced Telemetry Systems, tag model SS300) used for the live fish experiment were 10.79 mm long, 5.26 mm wide, and 3.65 mm thick; they weighed 0.346 g in air. These tags had an average source level of 155 dB re 1 μPa at 1 m, a nominal pulse repetition period of 4.2 s, and a nominal tag life of 45 days. The pulse repetition period for each tag did not vary, although there was variability in the pulse repetition period across the tags.
JSATS cabled receiver system
A single JSATS cabled receiver system typically consists of one to four cabled hydrophones, a signal conditioning amplifier, a data acquisition computer that contains two 16-bit digital signal processing cards with field-programmable gate arrays each of which has two analog inputs, the detection software, the decoding software, a global positioning system (GPS) card, and a GPS antenna [30] [31] [32] . When an acoustic signal is transmitted from a tag, the hydrophones receive the signal, which is transferred to the amplifier where the signal is band-pass filtered around the carrier frequency of 416.7 kHz and amplified. The filtered and amplified signal then is fed to the digital signal processing card, which contains detection software that checks the incoming data to determine if it contains a potential signal from a tag. If any of the hydrophone signals contain a potential detection from a tag, data are sampled at a frequency of 2.5 MHz, digitized with 16-bit resolution, and written to the hard drive using a filename that includes the high-accuracy GPS time. After the data are written to the hard drive, the decoding software [34] reads in the raw data and determines the presence of a tag code. If a tag code is detected, the decoding software checks the validity of the tag code by performing a cyclic redundancy check.
For this study, three JSATS cabled receiver systems were deployed in the north fish ladder system of Wanapum Dam (Fig. 2) at three different locations: (1) near the fish slide at the upper exit (i.e., water outfall structure into the forebay), (2) in the middle portion of the fish ladder, and (3) in the collection channels near the lower entrance. The system near the fish slide had two hydrophones (H1 and H2) 
Controlled field experiments
After each JSATS cabled receiver system was installed, controlled field tests were carried out to evaluate the performance of the system. For the JSATS cabled receiver system near the weir pool of the fish slide (Fig. 3) , the controlled experiments were conducted separately in the weir pool and the forebay below the weir pool. For these tests, three tags were attached to the line of a fishing rod and were immersed in the water at approximately the middle of the water column. A weight was 
System performance data were also collected in the collection channels near the lower entrance of the fishway. Because of the limited access to the water in the collection channels, it was impossible to easily adjust the distance between the tags and the hydrophones by casting the fishing line. Thus, for the JSATS cabled receiver system in the collection channel, the three tags were attached to an approximately 2-m-long piece of rope (with a weight attached to the terminal end of the rope) and were positioned in the mid-depth of water under a 23-cm buoy. Another spool of rope was connected to this 23-cm buoy to control the distances between the tags and the hydrophones by letting the buoy float towards the desired positions. When the buoy was in position, a test was performed for 5 min at each location. At the south entrance, tests were conducted at distances of 1, 10, 30, and 50 m from hydrophones H8 and H9. In the north entrance, tests were conducted at distances of 1, 10, and 20 m from hydrophone H10, which was farther upstream (10, 1, and 9 m, respectively, from the hydrophone H11).
For all tests, the results were processed by calculating the detection efficiency of each tag. The detection efficiency is defined as the ratio of the number of valid detections of the tag to the expected number of tag transmissions within the duration of the test (i.e., 5 or 10 min).
Background noise levels
Background noise levels at each location in the confined spaces were estimated from data collected with the deployed JSATS cabled receiver systems. Before being deployed, each hydrophone was calibrated as a function of the frequency in a tank lined with anechoic materials in the Pacific Northwest National Laboratory's Bio-Acoustics and Flow Laboratory (BFL) [35] . The BFL is accredited by the American Association for Laboratory Accreditation (A2LA) to ISO/IEC 17025:2005, which is the international standard for calibration and testing laboratories. The hydrophones (Model SC001, Sonic Concepts Inc., Bothell, WA, USA) have a sensitivity of −180 dB re 1 V/μPa at 416.7 kHz. From data files collected by the JSATS cabled receiver systems, portions that did not contain any transmissions of tag signals were selected and were considered to contain only background noise. Next, from the background noise portions, a frequency range between 375.0 and 458.0 kHz was selected so the bandwidth of the signal becomes 20 % of the carrier frequency of 416.7 kHz. Using the calibration data, the filtered voltage data were used to calculate the pressure spectral density, which was then integrated over the frequency range described above to compute the background noise level. For comparison, the background noise level in the BFL acoustic test tank also was estimated using the same types of instruments as in the field.
Tagged fish experiment
As part of a larger effort to evaluate upstream passage through a fish ladder with temporarily reduced flows and a modified exit structure at Wanapum Dam, 50 adult spring Chinook salmon were collected at the Priest Rapids Dam Off-Ladder Adult Fish Trap (rkm 639) from 26 to 29 April 2014, and were surgically implanted with acoustic transmitters (Advanced Telemetry Systems, tag model SS300) while anesthetized [36] . After each tag was implanted, the surgical opening was sutured [37] , and the fish were released into the fish ladder at Priest Rapids Dam so they could freely migrate to Wanapum Dam (30 km upstream) on their way to their natal streams upstream of Rock Island Dam (rkm 730). These fish were monitored by the three JSATS cabled receiver systems installed at Wanapum Dam during the migration from Priest Rapids Dam to Rock Island Dam. The results were processed by calculating the detection probability and the median number of detections per tag for each of the three locations where JSATS cabled receiver systems were installed. The detection probability was defined to be the ratio of the detected number of fish to the expected number of fish. The expected number of fish is defined as the number of fish that were supposed to pass this route after the JSATS cabled receiver systems were installed. For example, 43 fish were expected in the weir pool because seven fish were confirmed to have already passed the dam via another route (the fishway on the other bank of the river). In addition, 49 fish were expected in the collection channels due to the fact that one fish passed before the JSATS cabled receiver system was deployed there. Finally, six fish were expected to pass the fish ladder because only six fish were confirmed to remain in the fish ladder when the JSATS cabled receiver system was deployed in this location.
Results and discussion
Background noise
In the BFL acoustic test tank, the estimated background noise level (between 375.0 and 458.0 kHz) was 90 dB re 1 μPa. The mean background noise level near the fish slide was 96 dB re 1 μPa. In the fish ladder, the mean background noise level was 93 dB re 1 μPa, and in the collection channels, the mean background noise levels were 101 dB re 1 μPa and 95 dB re 1 μPa for the south entrance and the north entrance, respectively.
Controlled field tests
For the JSATS cabled receiver system deployed near the fish slide, the detection efficiency for each hydrophone is presented in Table 1 . The detection efficiencies for hydrophones H1 and H2 individually ranged from 51 to 69 %, and the detection efficiencies for the immediate forebay (hydrophone H3) ranged from 82 to 90 %. Because both hydrophones H1 and H2 were located in the same weir pool, the combined detection efficiency of these two hydrophones is presented to represent the detection efficiency of the transmitted signal in the weir pool. As a result, the combined detection efficiencies for the weir pool were higher than 80 % for all three test tags.
For the system deployed in the middle portion of the fish ladder, downstream of the weir pool, each hydrophone represents the pool in the fish ladder in which it was installed. Among 12 scenarios (i.e., three tags at four pool locations), detection efficiencies in seven scenarios were greater than 80 % (Table 2 ). Compared to the other locations, the system in the middle portion of the fish ladder had lower detection efficiency when tags were held within 3 m of each hydrophone (H4 to H7). This was the case even though the background noise in the fish ladder at that location was lower than those at the other locations. This lower detection efficiency was likely due to the relatively high water velocity and shallow water inside the fish ladder.
For the system deployed in the collection channels, a pair of two hydrophones was installed in both the south (H8 and H9) and north (H10 and H11) entrances. In the south entrance, the mean detection efficiency was 86 % for H8 and 96 % for H9 when the tags were 1 m away from the hydrophones but decreased to 74 % and 78 % when the distance increased to 10 m (Fig. 4) . When the tags were 30 to 50 m away from the hydrophones, the mean detection efficiency of an individual hydrophone ranged from 18-53 %. The mean combined detection efficiency was greater than 90 % (98 % and 94 %) up to the distance of 10 m but dropped below 80 % (71 % and 56 %) when the tags were 30 m or more away from the hydrophones. When one-way ANOVA (p < 0.05) and Tukey's HSD (p < 0.05) were applied to the combined detection efficiency, a statistically significant difference in group means between the groups was found (p = 7.49 × 10 −7 ), but there was no significant difference found between the data at 1 m and at 10 m (p = 0.42). On the other hand, the mean detection efficiency of individual hydrophones was greater than 80 % (82 to 99 %), and the mean combined detection efficiency was at least 98 % for all distances in the north entrance (Table 3 ). The mean detection efficiency of individual hydrophones was consistently higher at the north entrance than at the south entrance when comparing the results from the same distance (1 or 10 m). This observation is consistent with measurements of higher background noise levels at the south entrance (i.e., by approximately 6 dB) than at the north entrance. Overall, the mean combined detection efficiency ranged from 94 to 99 % if the tags were within 
Live fish experiment
For all three locations, the detection probability was 100 % (Table 4) . Here, the expected number of fish is calculated based on the number of fish that were expected to pass the individual route during the time each JSATS cabled receiver system was deployed at each location. For comparison, Roscoe et al. [14] reported detection probabilities of 91 %, 75 %, and 100 % at the bottom, the midpoint, and the top pool of the fishway at Seton Dam in British Columbia, respectively. The difference in detection probabilities between the two studies is likely due to the fact that both the carrier frequency and the pulse duration were different for the systems used in each study. The JSATS uses the carrier frequency of 416.7 kHz, while the system used by Roscoe et al. had a carrier frequency of 69 kHz. Systems that use lower carrier frequencies typically have longer detection ranges in lentic and marine environments than systems that use higher carrier frequencies. However, when working at and near hydroelectric dams, background noise usually affects systems with lower carrier frequencies more because the background noise is typically significantly greater at lower frequency ranges than at higher frequency ranges [33] . In addition, the JSATS utilizes a 744-μs pulse duration compared to the 10-ms pulse duration of the system used by Roscoe et al. [14] . With the narrow width and shallow water depth confined by highly reflective walls in fishways, fewer collisions between the transmitted signals and reflected signals would be expected at the 744-μs pulse duration.
The number of tagged fish expected in the fish ladder was small because the JSATS cabled receiver system was installed at that location on 7 May 2014, when only six of the tagged fish had not yet been confirmed to have passed the dam. The expected number of fish in the weir pool was 43 because seven fish passed the dam via another route that was not covered by the JSATS cabled receiver systems. Fish spent a median of 3.3 days in the collection channels, although most fish would enter and leave the collection channel multiple times before moving all the way through the ladder. On the other hand, fish spent a median of 10.9 and 16.1 min within the detection range of the JSATS cabled receiver systems in the middle portion of the fish ladder and in the weir pool, respectively. Therefore, the hydrophones in the collection channels had significantly higher numbers of detections than hydrophones installed in the weir pool and the middle portion of the fish ladder.
Conclusions
Controlled field experiments demonstrated that the JSATS cabled receiver systems can reliably detect the acoustic signal from tags in confined spaces, including the fish ladder entrance (i.e., collection channels), inside the fish ladder, and in the weir pool. The detection efficiency of static tags, based on number of transmitted signals, exceeded 80 % for most locations and ranged from 94 to 99 % in the fish ladder entrance when the tags were within 10 m from all hydrophones. This result may suggest that the JSATS cabled receiver systems can detect the tagged fish in confined spaces such as fishways. A small field study consisting of 50 adult spring Chinook salmon implanted with acoustic tags confirmed the findings of the controlled field experiments. The JSATS cabled receiver systems had a 100 % detection probability of the tagged fish at each deployment location. Even at the locations with the relatively low median number of detections of 41 (fish ladder) and 86 (weir pool), due to the short residence time of the fish, detection probabilities were 100 %, although for the former sample size, there were only six fish. The results of this research will allow scientists to better understand the behavior of fish in confined spaces such as fishways and to design better migration studies involving fishways. The need to implant an Locations of the hydrophones and the JSATS cabled receiver system are indicated in Fig. 2 additional PIT tag in fish used for a study that concerns one-way migration also might be eliminated if the only purpose of the PIT tag is to confirm the presence of the tagged fish in a fishway. In addition, the results reported in this study are applicable to other acoustic telemetry technologies that have a carrier frequency and pulse duration comparable to JSATS.
